Chidamide is a novel histone deacetylase (HDAC) inhibitor that increases the acetylation of histone H3 by inhibiting the activity of HDAC1 and HDAC2. We previously found that treatment of human colon cancer cells with chidamide led to cell apoptosis and cell cycle arrest at G0/1 phase in vitro. The present study extended the observations in vivo and explored the underlying molecular mechanisms. In nude mice bearing human colon cancer LoVo cell xenografts, chidamide alone or in combination with 5-flurouracil (5-Fu) reduced the expression of HDAC1 and HDAC2, accompanied with increased acetylation of histone H3. Chidamide alone inhibited the tumor growth and induce cell apoptosis in tumor-bearing mice. Combined treatment of chidamide with 5-Fu enhanced the anti-tumor activity of 5-Fu. Western blotting analysis showed that chidamide alone or in combination with 5-Fu upregulated the expressions of cleaved Caspase-3 and cleaved poly-ADP (adenosine diphosphate)-ribose polymerase (PARP). In addition, chidamide alone or in combination with 5-Fu increased the p53, phosphorylated-p53 (p-p53), p21 and γH2AX levels, but suppressed cyclin dependent kinase 4 (CDK4) expression in tumor cells. Chidamide alone or in combination with 5-Fu down regulated the expressions of p-AKT, p-mammalian target of rapamycin (mTOR), p-p70S6K, p-Raf, and p44/42 mitogen activated protein kinase (Erk1/2), indicating the blockage of these signaling pathways. The results demonstrated that chidamide alone or in combination with 5-Fu exerted anti-tumor activity in nude mice bearing human colon cancer LoVo cell xenografts, and several signaling pathways might be involved in the chidamide-induced tumor growth inhibition and tumor cell apoptosis.
Colorectal cancer is one of the most frequently diagnosed malignant neoplasms in clinic and increasing cases are reported in young people [1] . Thus, prevention and treatment of colorectal cancer has become a serious public health concern. Surgical removal is the most effective and first choice for the treatment of colorectal cancer, however, 30-40% colorectal cancer patients die from recurrence and metastasis. Moreover, approximately 20% colorectal cancers are diagnosed at late stages, when surgery is not suitable [2] . Cytotoxic chemotherapy is the current strategy for the management of these cancer patients with relapse, metastasis and later stages [3] . 5-flurouracil (5-Fu) is used for the treatment of advanced colorectal cancer since 1957, and is still the basic drug for systematic chemotherapy of colorectal cancer. About 80-90% colorectal cancers are adenocarcinoma with slow proliferation and resistant to conventional chemotherapies due to the primary and secondary multidrug resistance. Therefore, it is appealing to develop novel therapeutic modalities for the treatment of patients with colorectal cancers especially those with relapse, metastasis and later stages.
Cancer is a disease resulting from a combined accumulation of genetic and epigenetic alterations [4] Recently, with the increased understanding of the critical roles of epigenetic modification of chromatin in the tumorigenesis and anticancer drug resistance, targeting epigenetic modifiers of chromatin is a new trend for the development of anticancer drugs [5] . Histone deacetylase inhibitor (HDACi) is a group of the most extensively and intensively studied and developed agents that target epigenetic modifiers, and has become a potential general strategy to reverse the epigenetic alterations of cancer cells [6] . HDACi affects gene transcription by changing the conformation of chromosomes. Apparently HDACi is distinct from conventional cytotoxic hemotherapies and molecular targeted therapy of tyrosine kinase inhibitors. Moreover, HDACi had shown synergistic effects with other therapeutic agents [7] . Therefore, development of HDACi is a very promising alternative strategy to improve the effects of other therapeutic modules and thus the life quality of cancer patients.
Deregulation of histone acetylation was reported to play key roles during the initiation, progression and maintenance of colorectal cancer [8] . Accordingly, several HDACi, including vorinostat, romidepsin, MS-275 and TSA have been demonstrated to inhibit the growth of lots of colorectal cancer cells in vitro [9] . These facts suggest that HDACi is a promising potential choice for the targeted therapy of colorectal cancers. To date, two HDACi (vorinostat and romidepsin) have been approved by US Food and Drug Administration (FDA) for the clinical treatment of skin T cell lymphoma [10] . Currently, numerous HDACi are under pre-clinical trials and more than 10 HDACi are in clinical trials [11] . Furthermore, the combination therapy of HDACi with other anticancer therapeutic modules is also under extensive investigation both in academic and pharmaceutical companies [12] .
Chidamide is a novel HDACi with improved chemical structure and marked anti-tumor activity [13] [14] . Our previous study reported that chidamide induced cell apoptosis and cell cycle arrest at G0/1 phase of human colon cancer cells cultured in vitro [15] . However, the in vivo antitumor effects of chidamide on human colon cancer remain unexplored. The present study investigated the therapeutic effects of chidamide in mouse tumor xenografts combined with 5-Fu and explored the underlying molecular mechanisms by which chidamide combined with 5-Fu effect the human colon cancer.
Materials and methods

Chemicals.
Chidamide was provided by Shenzhen Chipscreen Biosciences (Shenzhen, China). 5-flurouracil (5-Fu) was purchased from Jingyao Amino Acids (Tianjin, China). Primary antibodies including anti-acetyle-H3, anti-cleaved Caspase-3, anti-PARP, anti-CKD4, anti-p-p38, anti-JNK1, anti-p-JNK1, anti-p-Akt (Ser473), anti-mTOR, anti-pp70S6K, anti-p70S6K, anti-p-Erk, and anti-Erk antibodies were purchased from Cell Signaling Technology (Boston, Massachusetts, USA). Primary antibodies, including anti-p53, anti-p-p53-S15, anti-p21, anti-γH2AX, anti-Bax, anti-Bak, anti-Bcl-2, anti-MDM2, anti-p38, anti-Raf-1, anti-p-Raf, and anti-GAPDH antibodies were obtained from SantaCruz Biotechnology (Dallas, Texas, USA). Anti-HDAC1 and anti-HDAC2 antibodies were bought from Epigentek (Farmingdale, NewYork, USA).
Cell line and mouse tumor xenograft models. The present animal experiment was approved by the Animal Care and Use Committee of Southeast University, Nanjing, China. Human colorectal adenocarcinoma anaplastic LoVo cell line was bought from the cell bank of Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). Exponentially growing LoVo cells were collected and injected subcutaneously into the right axilla of 5 nude mice. Three days after implantation, palpable tumors were detected in 3 mice. Three weeks later, one mouse with tumor size of 1cm×0.8cm×0.8cm was sacrificed. The tumor mass was cut into slices of 1-2 mm 3 and transplanted subcutaneously into the right axilla of 4 nude mice and propagated the same way for 3 passages. During the 4 th transplantation, tumor xenografts were implanted into 50 nude mice. Ten days later, 45 mice developed tumors.
Drug treatment. Thirty-two nude mice of the same age were randomly divided into 4 groups with 8 animals for each group. In the first group (chidamide group), mice were treated with chidamide 5 mg/kg/d via intragastric administration. The second group animal (5-Fu group) was treated with 5-Fu 25 mg/kg/d through intraperitoneal injection. In the third group (Chidamide+5-Fu group), mice were treated with chidamide 5 mg/kg/d (intragastric administration) and 5-Fu 25 mg/ kg/d (intraperitoneal injection). In the fourth group (negative control group), mice were treated with vehicle by intragastric administration. The treatment of the mice was carried out on daily bases for 21 consecutive days.
Observation of tumor xenografts. The maximum length (a) and width (b) of each tumor were measured at the first day of drug administration and followed by measurement every 3 days. Daily observations of spirit, diet, activities, and defecation of mice were recorded. Mice were weighted every day and drugs were administrated every day for 21 consecutive days. In the 22 nd day, the mice weight was recorded and the maximum length (a) and width (b) were measured with a vernier caliper. The following formula were used to calculate tumor volume and tumor volume suppression rate: tumor volume (V) = 1 / 2ab 2 ; tumor volume suppression rate = (1 -average tumor volume of experiment group / average tumor volume of control group) × 100%. The mice were sacrificed and the tumors were removed and weighted. The tumor suppression rates were calculated according to the following formula: tumor-suppression rate = (1 -average tumor weight of experiment group / average tumor weight of control group) × 100 %. Coefficient of drug interaction (CDI) was used to evaluate the interaction of the two drugs and computed according to the following formula: CDI = AB / (A × B). AB is the tumor weight (or volume) ratio of combinatory group to the control group. A or B is the tumor weight (or volume) ratio of single drug group to the control group. CDI < 1 indicates synergistic effect, CDI = 1 indicates additive effects and CDI > 1 indicates antagonistic effects of the two drugs.
Histological and ultra-thin slices observation. Tumors of xenografts from each group were stained with conventional H-E staining. Changes of cellular morphology and tissue structures were observed under light microscope and recorded by photograph. Ultra-thin slices were double stained with uranium and lead, and observed under JEM -1011 transmission electron microscope (TEM).
Western blotting. Tumor tissues were grinded on dry ice and then lysed on ice in cell lysis buffer. Protein quantification was performed with the BCA protein assay (Pierce, Rockford, IL, USA). Equal amounts of protein from each sample were denatured in SDS sample buffer and separated on 10% SDS polyacrylamide gel. Proteins were transferred to nitrocellulose membranes. Membranes were blocked, and then probed with primary antibody (1:1000 dilution) at 4°C for overnight. After washing, membranes were incubated with secondary antibody at room temperature for 2 h. Immunobands were visualized using enhanced chemiluminescence (ECL) kit (Pierce, Rockford, IL, USA). Relative protein levels were analyzed with Gene Tools software.
Statistical analysis. Statistical analysis was conducted using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). All data are presented as mean ± SD. Significant differences were determined using analysis of variance. P-values were two-sided, and p-values < 0.05 were considered statistically significant.
Results
Chidamide significantly enhances the antitumor effects of 5-Fu in human colon cancer nude mouse xenografts.
We determined the protein levels of HDAC1, HDAC2 and acetylated total H3 in nude mice bearing human colon cancer LoVo cell xenografts after treatment with chidamide alone or chidamide in combination with 5-Fu by immunoblots. Compared with vehicle control and 5-Fu, chidamide apparently decreased the protein levels of HDAC1 and HDAC2, and accordingly increased acetylated H3 in the presence or absence of 5-Fu (Fig. 1A) .
All the mice survived till the end of the experiments. No mouse had diarrhea in the vehicle control group. Slight diarrhea was observed in chidamide group whereas, high frequent diarrhea was found in the groups of 5-Fu and chidamide plus 5-Fu. In comparison to vehicle control group, chidamide did not change the weight of mice apparently, while treatment with either 5-Fu or 5-Fu plus chidamide led to significant loss of body weight (p<0.01) (Fig. 1B) .
Compared with vehicle control, chidamide or 5-Fu alone, chidamide plus 5-Fu apparently inhibited tumor growth. Statistically significant differences were found among the 4 groups 10 days after drug administration (Fig. 1C) . By the end of drug administration, the tumor volume suppression rates of 5-Fu alone, chidamide alone, and chidamide plus 5-Fu were 48.60%, 34.71% and 73.25%, respectively. The tumor volume suppression rate of chidamide plus 5-Fu was significantly higher than those of 5-Fu and chidamide (p = 0.000, p = 0.000) (Fig. 1C) . Tumor weight suppression rates of 5-Fu alone, chidamide alone, and chidamide plus 5-Fu were 43.52%, 31.36% and 72.30%, respectively. Similar to the tumor volume suppression rate, the tumor weight suppression rate of combined therapy was significantly higher than that of single drug administration (p<0.01) (Fig. 1D-F) . The CDI values of tumor size and tumor weight were lower than 1, suggesting chidamide and 5-flurouracil show a synergistic antitumor effect.
H-E staining showed that the tumor tissue structure of negative controls was normal with reduced interfibrillar substance, relative large tumor cell size, a multi-shaped cell morphology, large and deep-stained nucleus, and relative less cytoplasm; there was large area of necrotic tumor tissue with sporadic distribution of apoptotic cells in 5-Fu group. In chidamide group, there was only slight change in the tissue structure with discernable tumor cell necrosis and apoptosis. In contrast, in chidamide plus 5-Fu group, there was extended necrotic area with apparent cell apoptosis (Fig. 1G) . These results together demonstrated that chidamide significantly enhanced the antitumor effects of 5-Fu in nude mouse bearing human colon cancer xenografts.
Chidamide in combination with 5-Fu results in enhanced cell apoptosis in nude mouse bearing human colon cancer xenografts. To investigate whether chidamide sensitizes colon cancer cells to 5-Fu via enhancing 5-Fuinduced apoptosis, we determined cell apoptosis of tumor xenografts treated with chidamide alone or in combination with 5-Fu by transmission electron microscope, the activation of apoptosis-related proteins by western blots. Transmission electron microscope showed that 5-Fu treatment led to the reduction of cell density, disruption of cytoplasm membrane, release of intracellular constituents, dissolution of cytoplasm and chromatin, and disruption of nucleolus and nuclear membrane. Chidamide treated mice showed an increase of clustered heterochromatin with some cystoid expansion and the space between cytoplasm and nucleus membranes, swelling mitochondrion with partially or completely disappeared ridges, expansion of endoplasmic reticulum with cystoid-like structure, and a change of the micro-structural characteristics of degenerated cells in tumor cells. Moreover, some cells shrinked as demonstrated by increased electron density of cytoplasm, cytoplasm bubbles and apparent apoptotic bodies but intact cytoplasm membrane, suggesting cell apoptosis. Similar changes in the micro-structural characteristics and apoptotic cells were observed in chidamide plus 5-Fu group ( Fig. 2A) . In consistent with these morphologic observations, there were increased cleavage of both Caspase-3 and PARP in chidamide or chidamide plus 5-Fu groups compared with those of negative control and 5-Fu groups (Fig. 2B) . These results indicated that chidamide alone induced cell apoptosis, and the combination of chidamide and 5-Fu treatment enhanced cell apoptosis.
Chidamide treatment results in phosphorylation of H2AX and p53 in nude mouse bearing human colon cancer xenografts. We previously found that chidamide led to cell cycle arrest at G0/G1 phase with an increase of p21 while a decrease of CDK4 in LoVo and HT-29 cells [14] . To assess the mechanisms by which chidamide induces cell apoptosis and enhances the anti-tumor effects of 5-Fu in vivo, the protein levels of p21, CDK4, Bax, Bak, and Bcl-2 were examined in the xenografts. Compared with those of negative control and 5-Fu groups, chidamide apparently increased p21, Bax, and Bak while decreased CDK4 and Bcl-2. As p21, Bax, Bak, and Bcl-2 is the direct downstream target of p53. Moreover, chidamide inhibited the expression of MDM2. Our data suggest that chidamide may activate the p53 signaling pathway. Indeed, chidamide induced dramatic phosphorylation of p53 at S15 in comparison to vehicle. 5-Fu is a well-known DNA damage agent that induces phosphorylation of p53 at S15 in various types of cells. Accordingly, 5-Fu induced phosphorylation of H2AX and p53 in the colon cancer LoVo cell xenografts in nude mice. Interestingly, it was found that chidamide alone induced apparent phosphorylation H2AX, a marker of DNA strand breaks. Moreover, enhanced phosphorylation of H2AX and p53, and up-regulation of the protein levels of p21, Bax, Bak, p53 and MDM2, and down-regulation of CDK4 and Bcl-2 were observed in human colon cancer LoVo cell xenografts treated with both chidamide and 5-Fu (Fig. 3) . These results suggest that one of the mechanisms of chidamide-induced tumor cell apoptosis may be through changing chromatin structure and hence DNA damage.
Chidamide suppresses the AKT-mTOR and Raf-MEK-ERK signaling pathways in nude mouse bearing human colon cancer xenografts. To further investigate the mechanisms by which chidamide inhibits cell cycle progression, we determined the activation of AKT-mTOR and MAPK pathways in the colon cancer LoVo cell xenografts treated with chidamide, 5-Fu alone or in combination by immunoblots. Compared with those of negative control and 5-Fu, chidamide apparently decreased the phosphorylation of AKT (Ser473), mTOR and p70S6K, indicating that chidamide suppresses AKT-mTOR signaling pathways. Moreover, chidamide reduced the phosphorylation of Raf and Erk1/2, but neither JNK nor p38 pathways were apparently altered by Chidamide, indicating suppression of Raf-MEK-ERK signaling by chidamide. However, 5-Fu alone did not alter the phosphorylation status of AKT, mTOR, p70S6K, Raf and Erk1/2. Furthermore, similar signaling pathway suppression pattern was observed in combination treatment group (Fig. 4) .
Discussion
In this study, using nude mouse bearing human colon cancer xenografts, we found that chidamide inhibited HDAC1 and HDAC2, and hence increased the acetylation of histone H3. Chidamide inhibited the tumor growth of LoVo xenografts in nude mice, accompanied with increased cleavage of Caspase-3 and PARP and down-regulation of the phosphorylation of AKT (Ser473), mTOR, p70S6K, Raf and Erk1/2. In addition, it was we found that chidamide induced the phosphorylation of H2AX and p53 while and increased the levels of p21. Furthermore, chidamide significantly enhanced the anti-tumor effects of 5-Fu in nude mouse bearing human colon cancer xenografts. These results suggest the alteration of chromatin remodeling by chidamide may lead to DNA damage response and provide the basis for further development of chidamide as a novel HDACi for cancer treatment as single agent or in combination with other therapeutic modules.
Chidamide is a HDACi of benzamides with improved chemical structure and has been shown to inhibit the growth of lymphoma, leukemia, liver carcinoma, pancreatic cancers and non-small cell lung cancers efficiently [13] [14] [15] [16] [17] [18] [19] [20] . Chidamide may prevent cell proliferation, whereas promote cell apoptosis and dedifferentiation by altering gene expression through specifically inhibiting some subtypes of HDAC.
Our previous study demonstrated that chidamide induced cell apoptosis and cell cycle arrest at G0/1 phase of human colon cancer LoVo and HT-29 cells cultured in vitro [15] . In addition, chidamide promoted the cleavage of Caspase-3 and up-regulation of p21, whereas, decreasesd the expression of CDK4 [15] . Moreover, chidamide was found to inhibit the activity of the AKT/mTOR and Raf-MEK-ERK signaling pathways [15] . In the present study, we extended these observations in mouse tumor xenografts and found that chidamide sensitized colorectal cancers to 5-Fu. Most importantly, it was found that Chidamide induced DNA strand breaks in vivo.
Similar to the previous in vitro study [15] , chidamide decreased the levels of HDAC1 and HDAC2, accompanied with increased acetyl-H3, in colon cancer LoVo cell xenografts of nude mice. Moreover, chidamide alone apparently inhibited the growth of colon cancer cells. Enhanced anti-tumor activity and increased cell apoptosis was observed by combined administration of chidamide with 5-Fu. It is possible that chidamide plus 5-Fu therapy may promote tumor growth inhibition and tumor cell apoptosis induced by single drug treatment by increasing the cleavage of Caspase-3 and PARP.
Noticeably, the present study revealed that chidamide induced apparent DNA strand breaks as indicated by the increased level of γH2AX, a marker of DNA double strand breaks. DNA damage leads to activation of ATM/Chk2 and ATR/Chk1 DNA damage checkpoints, both of which phosphorylate and hence activate the central tumor suppressor p53 [21] [22] [23] [24] . In consistent with the phosphorylation of H2AX, treatment of chidamide led to phosphorylation of p53 at ser15, accompanied with increased protein level of p21, Bax, and Bak, and decreased protein level of Bcl-2, the direct targets of p53. Furthermore, expression of p53-related gene MDM2 was also suppressed. The main physiologic function of ATM/ Chk2 and ATR/Chk1 DNA damage checkpoints is to arrest cell cycle progression, promote DNA damage repair and cell apoptosis [22] [23] [24] . In consistent, our previous in vitro and the present in vivo studies showed that chidamide induced cell cycle arrest at G0/G1 phase and cell apoptosis. In addition, chidamide suppressed the activity of the AKT/mTOR and Raf-MEK-ERK pathways, which is in agreement with the observation that ATM/Chk2 and ATR/Chk1 DNA damage checkpoints suppress the mTOR and MAPK pathways [25] [26] . Our study found neither JNK nor p38 pathways were apparently altered by Chidamide. These data suggest that one of the mechanisms by which chidamide induces cell cycle arrest and apoptosis might be through induction of DNA damages. However, the underlying molecular mechanism still needs to be further clarified.
According to the tumor volume suppression rate and the tumor weight suppression rate, the anti-tumor effect of Chidamide seems to be weaker than that of 5-Fu. However, the effect of Chidamide is stronger than that of 5-Fu, regarding to the activation of caspase and suppression of AKT-mTOR and Raf-MEK-ERK signaling. Such discrepancy might be due to the different anti-tumor mechanisms induced by Chidamide and 5-Fu, as 5-Fu is more efficient in inducing DNA damage and Chidamide appears to be more efficient in regulating Caspase-3, PARP, p53, p-p53-S15, p21 and CDK4. Besides, we could not exclude the possibility that 5-Fu may exert antitumor activities through other pathways.
In our preliminary animal study, we found that 5-Fu, but not chidamide, could induce diarrhea in animals after therapy. In this study, one mouse in chidamide group had mild diarrhea but no significant body weight loss was found. However, some animals in combined treatment group showed severe diarrhea and body weight loss. We speculate that the diarrhea might be induced by the administration of 5-Fu. In addition, phase I clinical trials showed that chidamide was generally well tolerated in patients with advanced solid tumors or lymphomas [13] . Phase II clinical trials showed that chidamide represented a novel oral benzamide class of HDAC inhibitor with significant single-agent activity and manageable toxicity in relapsed or refractory peripheral T-cell lymphoma (PTCL) [14] . These evidences indicate chidamide is relatively safe and has a promising therapeutic value for clinical use. Nevertheless, pre-clinical and clinical trials are needed to test the therapeutic effects of chidamide in other malignant solid tumors including colorectal cancers.
In summary, the present study showed that chidamide increased the anti-tumor effects of 5-Fu in nude mouse bearing human colon cancer xenografts. Moreover, treatment of tumor xenografts with chidamide resulted in down-regulation of AKT-mTOR and Raf-MEK-ERK signaling, both of which are the crucial cell survival signaling pathways. Intriguingly, we found that chidamide induced the phosphorylation of H2AX and p53 while increased the levels of p21. The results of the present study imply that induction of DNA damage might be one of the mechanisms by which chidamide inhibits cancer cell proliferation.
